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HIGHLIGHTS 


•  A  thermoelectric  cogeneration  system  uses  both  converted  heat  and  unconverted  heat. 

•  This  system  can  deliver  energy  utilisation  efficiency  up  to  80%. 

•  Thermal  efficiency  varies  with  operating  temperature  due  to  unstable  matching  load. 

•  The  fluid-filled  heat  exchanger  enables  the  system  to  store  and  spread  heat. 
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Thermoelectric  application  for  power  generation  does  not  appear  to  be  appealing  due  to  the  low  con¬ 
version  efficiency  given  by  the  current  commercially  available  thermoelectric  module.  This  drawback 
inhibits  its  wide  application  because  of  the  overall  low  thermal  efficiency  delivered  by  typical  thermo¬ 
electric  applications.  This  paper  presents  an  innovative  domestic  thermoelectric  cogeneration  system 
(TCS)  which  overcomes  this  barrier  by  using  available  heat  sources  in  domestic  environment  to  generate 
electricity  and  produce  preheated  water  for  home  use.  This  system  design  integrates  the  thermoelectric 
cogeneration  to  the  existing  domestic  boiler  using  a  thermal  cycle  and  enables  the  system  to  utilise  the 
unconverted  heat,  which  represents  over  95%  of  the  total  absorbed  heat,  to  preheat  feed  water  for  do¬ 
mestic  boiler.  The  experimental  study,  based  on  a  model  scale  prototype  which  consists  of  oriented 
designs  of  heat  exchangers  and  system  construction  configurations.  An  introduction  to  the  design  and 
performance  of  heat  exchangers  has  been  given.  A  theoretical  modelling  for  analysing  the  system  per¬ 
formance  has  been  established  for  a  good  understanding  of  the  system  performance  at  both  the  practical 
and  theoretical  level.  Insight  has  also  been  shed  onto  the  measurements  of  the  parameters  that  char¬ 
acterise  the  system  performance  under  steady  heat  input.  Finally,  the  system  performance  including 
electric  performance,  thermal  energy  performance,  hydraulic  performance  and  dynamic  thermal 
response  are  introduced. 

©  2013  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

In  most  developed  countries  with  temperate  climate,  heat  for 
space  heating  and  domestic  hot  water  is  often  provided  by  burning 
gas  or  oil  in  a  boiler  or  furnace.  Current  condensing  boilers  are 
highly  efficient  achieving  thermal  efficiencies  in  excess  of  90%  with 
combustion  gases  rejected  at  dew  point  temperature.  Despite  a 
growing  market  for  condensing  boilers,  a  large  number  of  old 
boilers  are  still  being  used  with  thermal  efficiency  as  low  as  55%, 
resulting  in  large  energy  loss  1]. 
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Thermoelectric  modules,  consisting  of  pairs  of  p-type  and  n- 
type  semiconductor  materials  forming  a  pair  of  thermocouple, 
generate  electricity  when  a  temperature  difference  is  established 
across  the  module.  Thermoelectric  devices  have  found  a  wide  range 
of  applications  including  power  generation,  heat  recovery  and 
thermal  sensing.  These  applications  span  a  wide  range  of  industries 
such  as  transport  [2,3  ,  process  industries  [4-6],  medical  [7,8]  and 
space  [9].  Many  efforts  have  been  made  in  the  development  of 
advanced  thermoelectric  materials  with  high  conversion  efficiency 
to  enhance  the  potential  of  a  wider  range  of  applications  [10-13]. 
According  to  operating  temperature,  thermoelectric  materials  are 
classified  into  three  categories:  low  temperature,  intermediate 
temperature  and  high  temperature  thermoelectric.  The  low  tem¬ 
perature  type,  which  includes  alloys  based  on  bismuth  in  combi¬ 
nations  with  antimony,  tellurium  or  selenium,  utilises  heat  from 
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Fig.  1.  Concept  diagram  of  domestic  thermoelectric  cogeneration  system. 


warm/hot  water  or  general  waste  heat  by  operating  up  to  523  K, 
while  the  latter  two  which  include  the  alloys  of  lead  telluride  and 
silicon  germanium  are  oriented  for  incineration/steel  plants  and 
automobile  exhaust,  respectively  [14].  Their  operating  tempera¬ 
tures  can  reach  up  to  850  K  and  1300  K.  Suitable  application  of 
thermoelectric  material  is  generally  referred  to  large  electrical 
power  factor,  good  cost  effectiveness  and  being  environmentally 
friendly.  For  high  operating  temperature,  modules  with  segmented 
thermoelectric  elements  have  larger  average  figure-of-merit  ZT 
over  a  large  temperature  drop  compared  to  those  using  same  alloy 
in  the  element  [15].  The  thermoelectric  efficiency  reached  as  high 
as  20%  operating  between  300 1<  and  975  K  [16].  For  applications  in 
cogeneration  for  domestic  buildings  with  heat  source  temperature 
about  473  K,  Bi2Te3  has  been  selected  for  its  high  figure  of  merit,  ZT. 

The  main  advantages  that  boast  thermoelectric  devices  are  be¬ 
ing  static,  compact,  and  low  maintenance  cost.  Flowever,  low  con¬ 
version  efficiency  has  confined  their  application  to  specialised 
niche  markets.  One  of  these  markets  is  generating  electrical  power 
in  buildings  located  in  inaccessible  remote  areas.  For  instance,  back 
in  1996,  the  Swedish  Royal  Institute  of  Technology  [17]  developed  a 
thermoelectric  stove  to  provide  small  amounts  of  power  to  resi¬ 
dential  houses  in  the  remote  northern  areas  of  the  country  where 
grid  connection  is  prohibitively  expensive.  Recent  works  on  ther¬ 
moelectric  stoves  include  those  of  Champier  [18],  Nuwayhid  [19] 
and  Mastbergen  [20],  which  recover  waste  heat  from  cooking 
stove  to  generate  electricity  to  power  fan  or  lamp. 


Because  domestic  boilers  rely  on  grid  connection  for  operation, 
Daniel  [21,22]  attempted  to  develop  a  self-powered  domestic  boiler 
using  thermoelectric  generators  by  integrating  the  thermoelectric 
modules  between  the  combustion  chamber  and  the  water  channel 
in  the  boiler  enclosure.  Thermoelectric  generators  were  also 
thought  of  as  direct  contenders  to  replacing  diesel  gensets  for  po¬ 
wer  generation  in  off-grid  buildings,  eliminating  noise,  and  high 
maintenance  that  characterise  internal  combustion  engines. 
Commonly,  the  heat  sink  is  an  assembly  of  a  finned  heat  exchanger 
and  fan  that  removes  heat  via  forced  convection. 

The  thermal  performance  of  the  thermoelectric  devices  for  po¬ 
wer  generation-only  applications  remains,  however,  poor  with 
maximum  efficiency  below  5%  [14].  This  means  95%  of  the  fuel 
energy  content  is  rejected  as  low  grade  heat.  Therefore,  recovering 
rejected  heat  for  useful  utilisation  for  space  heating  and  domestic 
hot  water  as  part  of  a  thermoelectric  cogeneration  system  would 
make  thermoelectric  more  attractive  as  overall  thermal  efficiency 
could  be  increased  up  to  100%,  which  was  discussed  by  Gao  in  Ref. 
[23].  In  a  later  time,  this  concept  was  initially  proved  in  a  different 
work  by  the  author  at  an  earlier  time  [24],  which  demonstrated  a 
practical  achievement  of  thermal  efficiency  at  up  to  80%.  Qiu  [25] 
developed  a  thermoelectric  power  generation  system  which  gen¬ 
erates  electricity  and  hot  water  by  burning  natural  gas  in  a  furnace. 
Relying  on  the  supply  of  natural  gas,  its  operation  is  suitable  for  the 
applications  which  are  purposefully  designed  for  using  the  natural 
gas  as  the  primary  fuel.  In  the  first  stage  study  [24],  the  author 
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proposed  the  concept  of  cogeneration  system  which  uses  the  heat 
from  boiler  exhaust  and  solar  power  in  the  UK  residential  houses.  A 
potential  benefit  has  been  prospected  for  supplementing  the  do¬ 
mestic  energy  need  and  improving  the  energy  efficiency  in  the  UK 
residential  house  on  the  basis  of  the  available  heat  from  boiler 
waste  and  solar  energy. 

This  paper  presents  the  further  investigation  to  this  concept 
with  great  details  in  system  performance  and  technical  aspect  in 
heat  exchangers.  It  attempts  to  address  problems  of  heat  transfer  at 
the  interface  of  the  thermoelectric  module  in  micro-scale  cogene¬ 
ration  systems.  As  previously  reviewed,  some  studies  have  been 
conducted  to  the  TE  power  generation  in  fire  stoves  and  domestic 
heating  jacket.  But  there  is  no  similar  experimental  study  that  has 
been  done  to  its  application  in  the  domestic  boilers  so  far.  This 
study,  based  on  an  innovative  attempt  in  improving  the  domestic 
environment  in  the  typical  temperate  regions  where  domestic 
boiler  is  widely  used,  will  present  the  potential  benefit  of  using  this 
domestic  TCS. 

2.  Description  of  the  system 

As  shown  in  Fig.  1,  the  primary  heat  source  of  the  thermoelectric 
cogeneration  is  the  waste  heat  from  boiler  exhaust.  A  cooling  fluid 
is  circulated  through  a  compact  heat  exchanger  on  the  cold  side  of 
the  TE  module  to  convert  the  recovered  heat  to  electricity  and 
provide  heat  for  the  building.  The  system  is  also  capable  of  using 
solar  energy  absorbed  by  a  solar  collector  mounted  on  the  roof  of  a 
building  whereby  solar  energy  is  absorbed  and  supplied  to  the 
thermoelectric  module  hot  side.  This  can  be  achieved  by  direct 
utilisation  or  indirect  utilisation  of  solar  energy,  depending  on  the 
heat  exchanger  design.  The  heat  absorbed  from  the  two  afore¬ 
mentioned  heat  sources  can  be  used  to  generate  “free”  electricity 
and  attendant  heat  is  used  for  heating  purposes,  increasing  the 
overall  energy  utilisation  efficiency  of  the  boiler.  However  one  of 
the  challenging  designs  is  to  overcome  limitations  of  heat  transfer 
to  and  from  the  thermoelectric  module. 

Fig.  1  shows  the  concept  of  domestic  thermoelectric  cogenera¬ 
tion  system  which  absorbs  heat  from  boiler  waste  and  solar  energy 
using  a  hot  side  heat  exchanger.  The  heat  rejected  from  the  cold 
side  of  thermoelectric  modules  is  taken  away  by  the  cooling  plate 
which  is  connected  to  the  boiler  to  provide  preheated  water.  The 
hot  side  heat  exchanger  is  specifically  designed  for  absorbing  the 
heat  from  boiler  waste  and  solar  energy.  Two  modules  are  studied 
as  described  in  Fig.  2.  Fig.  2A  shows  a  concept  of  indirect  use  the 
heat  in  which  heat  transfer  oil  absorbs  the  heat  from  boiler  waste 
and  solar  energy.  The  oil  is  heated  up  by  the  absorbed  energy  and 
flows  through  the  TE  module  to  proceed  with  the  energy 


conversion  and  water  preheating.  Fig.  2B  shows  the  direct  use  of 
heat  in  which  the  solar  energy  and  boiler  waste  heat  is  used  directly 
to  heat  the  TE  hot  side.  The  selection  can  be  made  according  to  the 
availability  of  heat  sources  and  requirements  on  the  system 
response  time.  Solar  concentration  measures  can  also  be  taken  to 
promote  the  temperature  level  at  the  heat  source  side. 

3.  Design  of  the  TE  co-generator 

The  factors  that  significantly  influence  the  thermal  efficiency  of 
thermoelectric  application  include  the  boundary  conditions  of  hot 
and  cold  sides,  the  usage  of  thermodynamic  cycles  and  thermo¬ 
electric  materials.  Among  which,  the  thermal  boundary  conditions 
of  hot  and  cold  side  are  involved  with  the  available  ways  of 
extracting  the  heat  from  heat  sources  and  dissipating  the  uncon¬ 
verted  heat  from  the  cold  side  which  significantly  influences  the 
efficiency.  This  leads  to  the  technical  aspects  of  heat  exchange 
design.  The  heat  sourcing  and  heat  dissipation  determines  the  heat 
flux  of  the  system,  which  takes  us  to  the  consideration  in  the  design 
of  thermodynamic  cycles  which  can  offer  the  promise  of  substan¬ 
tially  higher  efficiency. 

The  thermoelectric  co-generator,  consisting  of  a  hot  side  heat 
exchanger,  a  cooling  plate  and  a  thermoelectric  module,  is  intended 
to  use  heat  from  external  solar  radiation  source  and  waste  heat 
from  a  domestic  combustion  appliance.  This  is  achieved  by 
mounting  the  TE  module  between  the  external  surface  of  the  hot 
side  heat  exchanger  and  the  cooling  plate,  as  shown  in  Fig.  3. 

Crinkle  washer,  flat  metal  washer  and  fibre  washer  are  used  to 
accommodate  the  thermal  expansion  and  reduce  thermal  bypass 


Fig.  2.  Schematic  diagram  of  hot  side  heat  exchanger. 
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through  the  stainless  steel  screws.  For  a  good  thermal  contact,  the 
recommended  compression  of  a  thermoelectric  assembly  is  10— 
21  kg  per  square  centimetre  (150-300  PSI),  corresponding  to  tor¬ 
que  value  in  the  range  of  0.33  Nm-0.66  Nm.  A  series  of  tests  have 
been  carried  out  under  the  torque  value  of  0.30  NM,  0.35  NM, 
0.40  NM,  0.45  NM  and  0.50  NM  to  investigate  the  impact  of  pres¬ 
sure  load  to  the  system  performance,  the  optimum  pressure  load 
has  been  identified  at  0.40  NM,  corresponding  to  the  pressure  load 
180  PSI. 

Fig.  4  compares  the  thermal  cycle  of  conventional  thermoelec¬ 
tric  system  (Fig.  4a)  and  the  domestic  TCS  (Fig.  4b).  The  domestic 
TCS  distinguishes  itself  from  the  conventional  system,  which 
wastes  the  unconverted  heat  to  the  ambient  environment,  by 
reusing  the  unconverted  heat  to  preheat  boiler  feel  water  to  reduce 
the  fuel  need  for  water  heating.  This  is  achieved  by  using  the  ori¬ 
ented  cooling  design  as  the  cooling  plate,  which  is  further  intro¬ 
duced  in  subsection  3.2.  Meanwhile,  the  fluid-filled  hot  side  heat 
exchanger  enables  the  system  to  accommodate  dual  heat  source  (in 
this  context,  boiler  waste  heat  and  solar  power)  by  bridging  the  two 
heat  sources  via  the  heat  transfer  oil. 


3.1.  Hot  side  heat  exchanger 

According  to  the  style  of  heat  source  and  heat  dissipation,  the 
heat  exchange  can  be  classified  into  the  following  four  categories. 

As  shown  in  Fig.  5,  the  four  categories  of  thermal  boundary 
conditions  exist  in  thermoelectric  applications.  The  most 
commonly  investigated  boundary  condition  (Fig.  5a)  assume  that 
both  the  hot  and  cold  sides  are  isotropic  at  temperatures  Th  and  Tc, 
respectively.  This  condition  is  used  in  most  studies,  but  has  been 
rarely  achieved  in  practical  applications.  Flowever,  the  configura¬ 
tions  (Fig.  5b,  c  and  d)  that  replace  one  or  both  of  the  isotropic 
boundaries  with  convective  media  as  sources  or  sinks  for  thermal 
power  are  more  common  in  today’s  applications.  Assuming  the 
thermal  power  Qh  passes  through  the  hot  side  of  the  module  at 
temperature  Th  and  unconverted  heat  Qc  is  dissipated  at  tempera¬ 
ture  Tc  on  the  cold  side.  As  described  by  Seebeck  effect,  this  tem¬ 
perature  difference  Th  -  Tc  induces  a  conductive  thermal  flux  which 
consequently  generates  electricity.  The  amount  of  electrical  power 
output  Rcx  is  determined  by  temperature  difference  Th  -  Tc  and  the 
properties  of  thermoelectric  materials. 

The  design  of  heat  exchangers  in  this  system  uses  Fig.  5c;  it  uses 
fluid-filled  heat  exchanger  to  absorb  the  heat  from  available  heat 
sources  and  provides  it  to  the  TE  modules  for  energy  conversion.  By 
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Fig.  4.  Thermal  cycle  in  the  conventional  thermoelectric  power  generation  (a)  and 
domestic  TCS  (b). 


introducing  the  heat  transfer  oil,  an  even  temperature  distribution 
can  be  obtained  on  the  hot  side  and  the  accommodation  of  dual  or 
multiple  heat  source  by  bridging  different  thermal  flux  becomes 
possible. 

The  hot  side  heat  exchanger  absorbs  the  solar  energy  on  the 
exterior  surface  which  heats  the  heat  transfer  oil  in  the  heat 
exchanger.  Meanwhile,  the  boiler  waste  heat  can  be  absorbed  by 
the  heat  pipe  heat  exchanger  which  transfers  the  heat  from  the 
boiler  flue  gas  to  the  oil.  The  whole  system  concept  can  be  referred 
in  Fig.  1. 

In  the  experimental  tests,  the  heat  source  is  replaced  by  two 
round  06  mm  x  100  mm  electric  heating  elements  with  the 
maximum  100  W  output  which  simulates  the  heat  source  at 
adjustable  heat  input.  The  cartridge  heaters  are  inserted  into  the 
two  aluminium  tubes  that  are  soldered  to  the  side  wall  and 
enclosed  in  the  tank,  shown  in  Fig.  6.  The  maximum  power  output 
of  electric  cartridge  heater  is  selected  according  to  the  maximum 
operating  temperature  of  heat  transfer  oil  and  TE  module.  The 
electric  heating  elements  heat  the  oil  through  the  two  aluminium 
tubes  to  avoid  the  direct  contact  with  oil  and  electric  elements 
which  would  cause  the  sealing  issue.  The  amount  of  heat  generated 
by  the  electric  elements  is  then  adjusted  through  a  variable  voltage 
transformer. 

The  use  of  heat  transfer  oil  improves  temperature  distribution, 
eliminates  hot  spots  on  the  TE  module  surface,  and  increases  steady 
state  performance  and  the  reliability.  Flowever,  it  also  increases 
thermal  inertia  of  the  system  at  the  same  time.  Therefore,  the  op¬ 
timum  volume  is  determined  by  the  amount  of  available  heat.  The 
impact  to  the  system  performance  is  discussed  in  subsection  4.2.4. 

3.2.  Cooling  plate 

In  thermoelectric  applications,  the  design  of  heat  exchangers 
has  found  the  important  position  in  creating  optimum  thermal 
conditions  for  the  great  performance  of  thermoelectric  applica¬ 
tions.  The  cooling  plate,  which  shoulders  the  responsibility  of 
cooling  the  cold  side  surface  of  thermoelectric  module,  decides 
where  and  at  what  rate  the  heat  output  is  dissipated  into  the 
environment  or  managed  for  other  purposes.  The  former  means  the 
heat  is  dissipated  in  an  unorganised  way.  It  could  either  benefit  the 
environment  if  the  thermal  environment  needs  it,  or  oppositely 
deteriorate  the  environment  thermal  condition  by  dissipating  the 
unwanted  heat  to  the  surrounding.  For  example,  in  winter,  this  part 
of  dissipated  heat  can  only  be  used  in  a  local  area  rather  than  used 
systematically  for  a  larger  space.  In  summer,  this  heat  is  unwanted 
for  the  environment.  Heat  dissipation  to  the  environment  only 
enlarges  the  cooling  load  for  air  conditioning.  Good  thermal  man¬ 
agement  ensures  the  heat  output,  which  represents  a  large  pro¬ 
portion  of  the  total  absorbed  heat  because  of  the  current  low 
conversion  efficiency,  to  be  used  in  an  organised  way  by  managing 
the  usage  of  heat  output  for  other  purposes.  By  effectively  using 
these  two  parts  of  energy-power  output  and  heat  output,  the  heat 
utilisation  efficiency  could  be  tremendously  enhanced. 

Currently,  the  cooling  methods  generally  include  five  types  26], 
which  are  liquid  cooling,  forced  convection  of  air  cooling,  natural 
convection  of  air  cooling,  edge  cooling  and  phase  changing  cooling. 
The  cooling  methods  that  have  been  used  in  thermoelectric  power 
generations  normally  include  natural  convection  of  air  [27],  heat 
pipe,  forced  convection  of  air  cooling  (fan  cooling)  [17-19,28],  and 
liquid  cooling  [21-24].  They  can  be  categorised  into  active  cooling 
(forced  air/water  cooling)  and  passive  cooling  (heat  pipe  and  nat¬ 
ural  air  convection).  In  previous  researches,  forced  air  cooling  is  the 
most  used  heat  dissipation  method.  The  fan  cooling  method  is 
ineffective  in  achieving  big  temperature  difference  due  to  the  low 
specific  heat  capacity  of  air  [2].  Other  disadvantages  lie  in  extra 
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c.  Infinite  heat  source  and  cooling  fluid  d.  Hot  and  cooling  fluid 

Fig.  5.  Heat  exchange  types  in  thermoelectric  applications. 


electricity  consumption,  low  reliability  because  of  short  fan  life, 
noisy  operation  and  low  system  efficiency  caused  by  the  unor¬ 
ganised  heat  dissipation. 

In  some  applications,  passive  heat  sinks  like  heat  pipe  or  ther- 
mosyphonic  are  used  at  the  cold  side  of  thermoelectric  generator 
[29,30].  The  advantages  of  this  method  is  energy  saving  and  quiet 
due  to  its  zero  energy  consumption  and  none  moving  parts 
compared  to  other  methods  that  are  related  to  the  extra  use  of 
cooling  fan.  However,  this  cooling  method,  despite  the  advantages 
mentioned  above,  delivers  low  system  efficiency  by  wasting  the 
unconverted  heat.  Due  to  the  low  specific  heat  capacity  of  air,  a  heat 
sink  with  large  area  is  needed  for  effective  heat  dissipation.  It 
means  relatively  large  space  is  needed  in  this  type  of  application, 
unsuitable  for  the  compact  systems. 

However,  in  the  applications  of  cogeneration,  however,  rejected 
heat  is  recovered  by  circulating  a  fluid  through  a  plate  heat 
exchanger.  The  configuration  of  the  plate  heat  exchanger  is  shown 
in  Fig.  7.  It  is  made  of  an  aluminium  block  through  which  multiple 
branch  channels  are  machined  across  the  plate  to  emerge  at  both 
ends  into  a  common  header.  The  adoption  of  such  a  fluid  flow 
looped  structure  enables  the  flow  to  “sweep”  the  whole  heat 
transfer  area  with  good  temperature  distribution  on  the  surface, 
eliminating  heat  build-up  and  hot  spots  [31].  This  design  is  char¬ 
acterised  by  a  lower  pressure  drop  compared  with  the  current  one 
of  the  most  popular  cooling  plate  design  with  embedded  coiled 
tube  (also  called  “cold  plate”).  The  channel  sizes  are  designed  to 


comply  with  the  required  flow  rate  of  feed  water  for  nominal  boiler 
operation. 

Fig.  8  compares  the  experimental  results  of  pressure  drop  of 
single  channel  (coiled  tube  cooling  plate)  and  multi-channel  cool¬ 
ing  plates  with  3  mm,  4  mm  and  5  mm  branch  channel.  Under  the 
same  flow  rate,  all  the  three  MC  cooling  plates  showed  a  lower 
pressure  drop  than  the  coiled  tube  cooling  plate. 

Fig.  9  shows  the  experimental  result  of  cooling  capacity  and  heat 
transfer  coefficient  of  single  channel  cooling  plate  and  multi¬ 
channel  cooling  plate  with  3  mm  branch  channel.  In  the  whole 
range  of  investigated  flow  velocity,  an  advantage  in  thermal  per¬ 
formance  of  the  multi-channel  cooling  plate  over  the  single  chan¬ 
nel  one  is  reported  in  this  result  (7.6%— 9.4%). 

In  the  numerical  simulations  to  these  two  types  of  cooling  plate 
design,  an  evener  and  lower  temperature  distribution  on  the 
interface  with  module  surface,  which  is  advantageous  for  the  per¬ 
formance  of  thermoelectric  generators,  has  been  also  obtained  by 
employing  this  oriented  cooling  design.  This  can  be  explained  by 
the  “sweeping”  effect  of  multiple  branch  channels  which  reduce 
the  thermal  accumulation  shown  in  the  “coiled”  single  channel 
cooling  plate.  The  details  of  numerical  results  are  not  presented  in 
this  paper.  However,  this  initial  discovery  further  confirms  the 
conclusion  drawn  in  the  experimental  study  that  the  multi-channel 
cooling  plate  introduced  in  this  paper  is  more  suitable  for  the  do¬ 
mestic  TCS  as  heat  dissipation  than  the  currently  commercial  coiled 
single  channel  cooling  plate. 
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Fig.  6.  Schematic  diagram  and  photo  of  TCS  with  single  module. 
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Fig.  7.  Cooling  plate  for  each  thermoelectric  module. 


3.3.  Mathematical  analysis 

The  heat  transfer  in  the  co-generator  assembly  is  simulated 
using  lumped  parameters.  Heat  flow  from  the  heat  source  to  the 
heat  sink  is  shown  in  Fig.  10,  where  it  shows  that  heat  flow  is 
mainly  through  a  series  of  thermal  resistances  that  define  the  heat 
source  thermal  resistance,  Rmth,  the  TE  thermal  resistance,  Rte,  and 
the  thermal  resistance  of  the  cooling  plate  and  its  interface  with  the 
TE,  Rcx  and  R[ntc  respectively. 

A  parallel  path  for  heat  leakage  through  the  insulation  from  the 
heat  source  to  the  heat  sink  is  defined  by  the  thermal  conductance, 
1  /^ins*  which  is  generally  small  and  can  be  omitted. 

The  thermal  performance  of  the  co-generator  is  characterised  by 
two  main  parameters  namely  the  electrical  conversion  and  overall 
thermal  efficiency.  The  electrical  conversion  efficiency  rj  is  the  ratio 
of  the  power  output  P  to  available  heat  input  Qi.  The  overall  thermal 
efficiency  ricog  is  the  ratio  of  the  sum  of  power  output  P  and 
recovered  useful  heat  Qo  to  the  available  heat  input  Qi. 

The  power  output,  heat  output  and  heat  loss  of  the  system  can 
be  expressed  by  Eq.  (1),  Eq.  (2)  and  Eq.  (3): 

P^S2(Jl_j2l  (,) 

Kex 

Qo  —  cpg(l Outlet  —  ^inlet)  (2) 


ATte  (3) 

In  the  test,  electrical  cartridge  heaters  are  used  to  heat  up  the  oil 
to  the  required  temperature  Th.  The  tank  size  decides  the  time  of 
heating  the  oil  up  to  Th.  When  the  heat  is  supplied  on  the  hot  side, 
the  total  heat  flux  is  split  into  two  directions.  One  is  flowing 
through  thermoelectric  module  as  Qsys  (some  is  for  power  gener¬ 
ation  and  the  rest  is  collected  by  heat  sink),  the  other  is  lost  into  the 
ambient  environment  Qi0Ss,  shown  in  Fig.  10.  The  equation  showing 
the  distribution  of  heat  flux  is, 

Qi  —  Qloss  +  Qsys  (4) 

Assuming  the  temperature  of  inlet  water  of  cooling  plate  is  the 
same  as  the  environment  temperature,  the  thermal  cycle  of  whole 
system  can  be  explained  by  Fig.  10. 

Generally,  for  a  given  system,  the  heat  flux  to  the  environment 
(heat  loss)  and  through  the  system  path  should  be  proportional 
when  the  thermal  resistance  stays  unchanged.  However,  Fig.  11 
shows  the  thermal  efficiency  for  47  W  heat  input  is  higher  than 
that  given  by  93  W. 

Analysing  the  test  data,  it  was  found  the  module  thermal 
resistance  changed  slightly  with  the  operating  temperature.  As 
shown  in  Fig.  12,  it  shows  a  higher  thermal  conductivity  was  given 
by  the  smaller  heat  input.  Consequently,  Qsys  in  Fig.  10  falls  down 
due  to  the  increased  thermal  resistance  on  the  system  side  when  it 
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Fig.  8.  Pressure  drop  comparison  of  single  channel  (SC)  and  multi-channel  (MC)  Fig.  9.  Comparisons  in  cooling  capacity  and  heat  transfer  coefficient  of  single  channel 
cooling  plates.  (SC)  and  multi-channel  (MC)  cooling  plates. 
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Fig.  10.  Schematic  diagram  of  heat  flux  distribution  in  single-stage  TCS. 


operates  at  a  higher  heat  input.  Therefore,  system  thermal  insu¬ 
lation  should  be  designed  according  to  the  operating  temperature 
level  in  reality. 

4.  Experimental  tests 

44.  Description  of  a  small  scale  test  rig 

A  model-scale  experimental  prototype  of  a  TE  co-generator  has 
been  constructed  and  measurements  of  its  performance  have  been 
carried  out.  The  schematic  diagram  of  the  test  rig  is  shown  in 
Fig.  13.  The  TE  block  is  composed  of  one  thermoelectric  module,  a 
cold  side  and  hot  side  heat  exchanger.  The  module,  made  of 
semiconductor  material  Bi2Te3,  has  a  dimension  of 
40  mm  x  40  mm  x  3.8  mm  with  127  thermocouple  elements. 
Thermal  interface  materials  are  placed  at  the  interface  of  solid 
surfaces  to  enhance  the  heat  transfer.  Graphite  and  thermal  grease 
are  used  at  the  hot  side  and  cold  side  interface,  respectively.  Two 
cartridge  heaters  rated  at  100  W  are  used  to  supply  heat  on  the  hot 
side.  The  heat  supply  to  the  TE  module  can  be  adjusted  by  changing 
the  voltage  input. 

The  TE  module  is  cooled  by  circulating  water  through  the  multi¬ 
channel  cooling  plate  and  rejecting  it  through  a  fan  cooled 
condenser.  Compared  to  the  single  channel  cooling  plate,  the  multi¬ 
channel  cooling  plate  creates  lower  temperature  on  the  module 
cold  side  by  achieving  lower  replacing  rate.  Therefore,  the  heating 
time  length  of  water  flow  by  the  wall  flow  channel  in  the  multi¬ 
channel  cooling  plate  is  longer,  which  leads  the  average  tempera¬ 
ture  of  TE  cold  side  surface  to  be  lower  compared  to  the  single 


datataker.  A  decade  resistance  box  ranging  from  (1  Q-100  1<Q)  is 
connected  to  TE  module  to  provide  adjustable  external  load. 

4.2.  Performance  analysis 

4.24.  Electric  performance 

At  steady  state  when  a  temperature  difference  is  established 
across  the  TE  module,  the  theoretical  maximum  power  output  from 
the  module  is  given  by  Eq.  (5): 


P  4 


vl 


4RL(ty-l) 


(5) 


In  this  work,  a  commercial  TE  module  was  tested  with  the  heat 
input  at  47  W  and  93  W.  The  optimum  external  load  electrical 
resistance  was  first  determined  which  corresponds  to  the 
maximum  power  output.  This  is  achieved  when  the  internal  elec¬ 
trical  resistance  of  the  TE  module  equals  to  that  of  the  external 
resistance. 

Fig.  14  shows  the  open  voltage  and  maximum  power  output  of 
the  system  when  it  operates  at  different  temperature  difference. 
Open  voltage  shows  a  linear  correlation  with  the  temperature  dif¬ 
ference  across  the  thermoelectric  module,  while  a  nonlinear  cor¬ 
relation  is  shown  between  the  maximum  power  output  and 
temperature  difference.  Both  of  them  rise  alongside  the  increase  of 
operating  temperature  difference. 

The  system  voltage  output  has  been  tested  when  the  external 
resistance  is  loaded  at  1  Q,  2  Q,  3  fl,  4  Q,  5  fl,  6  Q,  7  fl,  8  fl,  9  Q,  10  Q, 


Fig.  11.  Thermal  efficiency  at  the  heat  input  of  47  W  and  93  W. 


Fig.  13.  Schematic  diagram  of  small  scale  co-generator  test  rig. 
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Fig.  16.  Power  output  at  different  load  resistance. 


15  Q,  20  Q,  25  Q,  30  Q,  35  Q  and  40  Q,  respectively.  This  adjustment 
has  been  achieved  by  using  decade  box.  Fig.  15  shows  the  voltage 
output  of  the  system  loaded  with  different  resistance  value.  This 
has  been  tested  with  the  integration  of  the  cooling  plate  with  3  mm, 
4  mm  and  5  mm  branch  channel,  but  only  the  result  of  the  3  mm 
one  is  presented  to  demonstrate  the  general  trend.  The  curve  re¬ 
ports  the  voltage  output  rises  along  with  increased  external  elec¬ 
trical  resistance  load.  However,  the  highest  value  of  voltage  output 
does  not  correspond  to  the  maximum  power  output. 

Fig.  16  shows  the  measured  power  output  of  the  TE  module  as  a 
function  of  the  external  load  resistance.  It  can  be  seen  that 
maximum  power  output  is  achieved  for  an  electrical  resistance  of 
2  Q  and  3  Q  when  the  heat  is  supplied  at  47  W  and  93  W.  The 
corresponding  temperature  of  heat  source  and  heat  sink  for  the 
47  W  and  93  W  is  102  °C/31  °C  and  166  °C/34  °C,  respectively.  The 
maximum  power  output  corresponds  to  a  terminal  voltage  of  1.2  V 
and  load  current  0.61  A  for  the  47  W  and  2.73  V  and  0.91  A  for  the 
93  W. 

The  electrical  efficiency  of  the  TE  module  can  be  determined 
from  Eq.  (6): 


at/  Vzt+i  -i  \ 

V  =  /  -  - . .  (6) 

T1  \VZT+  1  +  1  -  A  T/Tj 

The  TE  module  electrical  performance  was  determined  under 
different  temperature  gradients  by  varying  the  heat  source  tem¬ 
perature  while  the  heat  sink  temperature  was  kept  constant.  Fig.  17 
shows  the  maximum  power  output  and  conversion  efficiency 
against  the  heat  source  temperature.  The  spots  fluctuating  around 
the  main  trend  line  can  be  omitted  due  to  experimental  errors.  The 


result  shows  the  conversion  efficiency  is  determined  by  the  tem¬ 
perature  difference.  The  bigger  the  temperature  difference  is,  the 
higher  the  conversion  efficiency.  In  this  study,  the  highest  tem¬ 
perature  difference  was  achieved  at  130  °C,  which  gives  about  3.9% 
conversion  efficiency,  higher  than  the  2%  with  200  °C  temperature 
difference  mentioned  in  Ref.  [18]  based  on  the  same  thermoelectric 
material,  Bi2Te3. 

As  previously  mentioned,  the  best  system  performance  needs  to 
produce  the  maximum  net  energy  gain,  which  means  the  need  of 
delivering  a  maximum  cooling  capacity  in  the  price  of  the  lowest 
pressure  drop.  Therefore,  the  electric  performance,  thermal  per¬ 
formance  and  hydraulic  performance  are  investigated  at  different 
flow  rate  to  understand  the  system  performance  under  different 
flow  conditions.  For  each  velocity  change,  the  test  was  run  until  its 
output  stabilised,  which  took  between  1  and  2  min  counting  from 
the  beginning.  In  order  to  obtain  the  reasonably  accurate  result,  the 
time  length  for  each  velocity  range  is  set  at  10  min.  The  results  are 
introduced  in  subsection  4.2.1,  4.2.2  and  4.2.3,  respectively. 

As  shown  in  Fig.  18,  when  the  inlet  flow  velocity  of  the  cooling 
plate  decreases  in  the  range  of  0.12  m/s-0.59  m/s,  the  TE  cold  side 
temperature  (“CS”  in  the  figure)  increases.  This  can  be  explained  by 
the  longer  heating  time  when  the  flow  velocity  is  low,  which  makes 
the  average  coolant  temperature  in  the  cooling  plate  is  higher.  This 
consequently  makes  a  higher  temperature  at  the  TE  cold  side. 
However,  this  hardly  affects  the  temperature  difference  across  the 
module  which  leads  to  a  stable  output  of  electrical  power  in  the 
system.  The  reason  why  the  temperature  difference  stays  nearly 
unchanged  can  be  explained  by  the  constant  heat  flow  through  the 
module  when  the  heat  input  from  the  electric  heater  is  unchanged. 
The  hot  side  temperature  rises  gently  when  the  cold  side  temper¬ 
ature  increases,  the  impact  to  the  heat  loss  through  the  insulation  is 
not  significant  enough  to  affect  the  temperature  difference  across 
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Fig.  15.  Voltage  output  at  different  load  resistance  of  the  system  integrated  with  the  Fig.  17.  Maximum  power  output  and  conversion  efficiency  vs.  Heat  source 
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Fig.  18.  Power  output,  TE  cold  side  temperature  (CS)  and  temperature  difference  (TD) 
under  different  inlet  coolant  velocity. 


the  module.  It  does  not  impose  a  big  change  to  the  temperature 
difference.  This  might  mislead  the  reader  to  the  conclusion  that  the 
inlet  coolant  temperature  does  not  affect  the  system  power  output. 
In  the  specific  test  that  looks  into  the  impact  of  inlet  coolant  tem¬ 
perature  to  the  system  performance,  it  was  found  that  the  system 
heat  output  and  power  output  was  enhanced  by  35%  and  13%  when 
the  inlet  coolant  temperature  is  decreased  from  37  °C  to  27  °C  with 
other  boundary  conditions  staying  unchanged. 

4.2.2.  Thermal  performance 

At  steady  state  the  thermal  performance  of  the  TE  co-generator 
was  determined  by  measuring  heat  recovered  for  different  heat 
source  temperatures  when  the  heat  sink  temperature  remains 
constant. 

The  thermal  efficiency,  which  is  defined  by  the  ratio  of  the  sum 
of  power  output  and  heat  output  to  the  total  heat  input  from  the 
electric  heater,  is  reported  in  Fig.  11,  which  shows  the  thermal  ef¬ 
ficiency  is  up  to  80%  which  is  not  experimentally  presented  in  other 
studies. 

An  average  value  of  heat  output  was  calculated  from  the  test 
results  in  each  time  length,  the  result  is  shown  in  Fig.  19.  The  ac¬ 
curacy  of  the  results  shown  below  has  been  further  proved  by 
another  set  of  experiment  which  delivers  the  same  system  per¬ 
formance.  The  temperature  rise  of  the  coolant  through  the  cooling 
plate  increases  along  with  the  decrease  of  inlet  flow  velocity.  The 
heat  output  goes  up  slightly  along  with  the  increase  of  the  inlet 
flow  velocity,  as  shown  in  Fig.  19. 
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Fig.  19.  Temperature  rise  of  coolant  that  flows  through  the  cooling  plate  at  different 
inlet  coolant  velocity. 
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Fig.  20.  Pressure  drop  and  thermal  resistance  of  cooling  plate  under  different  inlet 
coolant  velocity. 


4.2.3.  Hydraulic  performance 

Considering  the  impact  of  the  coolant  velocity  at  the  cooling 
plate  inlet  to  the  power  and  heat  output  discussed  subsection  4.2.1 
and  4.2.2,  we  can  conclude  that  a  lower  coolant  velocity  at  the 
cooling  plate  inlet  can  achieve  a  bigger  value  of  overall  energy 
output.  The  pressure  drop  caused  by  the  cooling  plate  represents 
the  energy  input  when  the  cooling  plate  meets  the  cooling  target  of 
the  TE  module.  The  pressure  drop  at  different  inlet  coolant  velocity 
is  shown  in  Fig.  20.  It  shows  that  the  pressure  loss  drops  signifi¬ 
cantly  when  the  inlet  coolant  velocity  decreases.  Namely,  a  smaller 
energy  input  is  required  at  a  lower  coolant  velocity,  which  conse¬ 
quently  increases  the  system’s  net  energy  gain. 

Based  on  the  aforementioned  results  and  discussions,  it  can  be 
concluded  a  lower  flow  rate  in  the  range  of  0.12  m/s— 0.59  m/s 
obtains  a  better  system  performance.  However,  the  flow  rate  needs 
to  be  designed  in  combinations  with  nominal  flow  rate  required  by 
the  host  device  and  the  integration  of  cooling  plate. 

4.2.4.  Dynamic  thermal  response  of  the  system 

The  use  of  a  thermal  fluid  (heat  transfer  oil)  to  recover  heat  from 
multiple  waste  heat  sources  and  channelling  it  to  the  thermoelec¬ 
tric  hot  plate  introduces  further  design  challenges  in  minimising 
the  thermal  inertia  of  the  system.  The  time  required  to  heat  the  oil 
in  the  TE  module  hot  plate  heat  exchanger  to  the  designed  tem¬ 
perature  can  be  determined  by  Eq.  (7): 


_  C0p0V(Th  —  Ta) 

Qi  1 J 

The  oil  temperature  was  measured  for  a  heat  exchanger  storage 
capacity  of  144  ml  and  at  the  design  condition  of  a  100  W  heat 
input,  the  dynamic  response  of  the  system  is  shown  in  Fig.  21. 
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Fig.  21.  Dynamic  thermal  response  of  the  system. 
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Fig.  22.  Power  output  and  heat  output  in  a  test  cycle. 

Fig.  21  shows  that  when  the  oil  is  heated  from  ambient  tem¬ 
perature  it  takes  about  3000  s  to  reach  steady  state  temperature  of 
120  °C.  This  represents  a  time  constant  of  the  system  to  reach  the 
steady  state;  it  is  desirable  to  have  a  fast  response  system.  However, 
in  applications  for  exploitation  of  renewable  energy  sources,  en¬ 
ergy  storages  capability  could  present  a  potential  advantage.  The 
thermal  response  of  the  system  after  the  removal  of  the  heat  source 
is  shown  in  Fig.  22.  It  can  be  seen  that  during  the  cooling  down  of 
the  stored  oil,  heat  could  still  be  recovered  from  the  system,  though 
the  power  output  would  be  limited  by  the  voltage  output  level. 
Removing  the  effect  of  voltage  level,  the  total  power  output 
generated  during  the  cooling  phase  amounts  to  1.7  Wh  and  is  given 
by  the  sum  of  shaded  area  of  green  and  red.  The  total  heat  output 
produced  during  the  cooling  phase  amounts  to  10.2  Wh  and  is 
given  by  the  shaded  area  of  red  colour. 

4.3.  Discussion 

The  common  heating  facilities  in  residential  houses  normally 
include  domestic  boiler,  stoves  and  fireplaces,  most  of  which  pro¬ 
duces  a  considerable  amount  of  waste  heat  at  a  high  grade  tem¬ 
perature,  presenting  thermoelectric  applications  with  great 
opportunity  to  improve  overall  energy  efficiency  of  the  domestic 
building.  This  study  chooses  to  investigate  small  scale  TCS  to 
demonstrate  the  practicality  and  capability  of  enhancing  domestic 
energy  utilisation  efficiency  by  using  the  thermoelectric  cogene¬ 
ration  concept.  Based  on  a  simulated  steady  state  heat  source,  it  is 
intended  to  show  the  potential  of  changing  the  dilemma  of  low 
energy  efficiency  in  conventional  thermoelectric  generations, 
which  was  proved  by  the  experimental  results.  In  order  to  tackle 
the  issues  existing  in  real  applications,  the  design  needs  to  focus  on 
integrating  thermoelectric  system  with  the  existing  facilities  from 
the  following  aspects: 

1.  An  effective  design  of  hot  side  heat  exchanger  should  capture 
the  waste  heat  efficiently  but  without  consuming  much  energy 
or  significantly  influencing  the  performance  of  host  facilities. 

2.  The  design  needs  to  comply  with  the  nominal  conditions  which 
were  originally  tuned  by  the  boiler  manufacturer. 

3.  The  availability  of  heat  sources  varies  with  the  season,  weather 

and  domestic  heating  demand.  The  system  performance  under 
dynamic  heat  input  is  an  advanced  topic  that  needs  to  be  further 
investigated  and  this  study  conducted  under  steady  heat  input 
paves  the  fundamental  path  for  it. 

5.  Conclusion 

This  study,  based  on  experimental  investigations  conducted  on  a 
model  scale  prototype,  has  pointed  a  possible  direction  of  using 


thermoelectric  technology  with  much  higher  energy  utilisation  effi¬ 
ciency  in  residential  house-domestic  TCS.  The  system  performance 
has  been  analysed  from  four  aspects,  electric  performance,  thermal 
£  performance,  hydraulic  performance  and  dynamic  thermal  response 
of  the  system.  It  was  found  that  the  matched  externally  loaded  elec¬ 
trical  resistance  that  gives  maximum  power  output  varies  with  the 
operating  temperature.  The  estimated  explanation  goes  to  the 
temperature-dependent  internal  electrical  resistance,  which  also 
explains  the  reason  why  thermal  efficiency  is  varied  slightly  by  the 
operating  temperature.  This  needs  to  be  considered  in  the  design  of 
maximum  power  point  tracking  system  for  thermoelectric  genera¬ 
tions.  The  use  of  fluid-filled  hot  side  heat  exchanger  endows  the 
system  the  capability  of  storing  and  spreading  heat.  However,  the 
volume  of  the  fluid,  which  is  heat  transfer  oil  in  this  study,  needs  to  be 
carefully  designed  according  to  the  available  amount  of  heat  to 
reduce/eliminate  thermal  inertia  caused  by  the  fluid.  Originally 
designed  to  be  used  in  residential  house  installed  with  domestic 
boiler,  this  system  concept  is  also  applicable  to  other  sectors  or  areas 
where  the  combustion  appliances  are  used  and  preheating  is  needed. 

Nomenclature 

A  exterior  surface  area  of  heat  source  m1 2 

C  specific  heat  capacity  of  water  j/kg  I< 

C0  specific  heat  capacity  of  heat  transfer  oil  (2500)  j/kg  K 

g  gravitational  constant  m/s2 

G  water  flow  rate  m3 * 5/s 

h  heat  transfer  coefficient  W/m2I< 

P  maximum  power  output  W 

Qbw  available  boiler  waste  heat  W 

Qi  heat  input  W 

Qioss  system  heat  loss  to  the  ambient  environment  W 
Qo  heat  output  W 

Qsoiar  available  solar  power  W 

Qsys  effective  heat  to  the  system 

rex  external  electrical  resistance  O 

tl  electrical  resistance  of  external  load  Q 

Rinth  thermal  resistance  of  hot  side  heat  exchanger  m2I</W 

Rintc  thermal  resistance  of  cooling  plate  m2I</W 

Rins  thermal  resistance  of  insulation  m2I</W 

Rte  module  thermal  resistance  m2I</W 

S  Seebeck  coefficient  V/I< 

t  Heated  time  s 

Ta  ambient  temperature  °C 

Tc  heat  sink  temperature  °C 

Th  heat  source  temperature  °C 

T  average  operating  temperature  °C 

T\  module  hot  side  temperature  °C 

I2  module  cold  side  temperature  °C 

V0  open  circuit  voltage  output  V 

V  loaded  voltage  output  V 

Toutiet  outlet  water  temperature  °C 

^inlet  inlet  water  temperature  °C 

ZT  dimensionless  figure  of  merit 

Z  figure  of  merit  I<-1 


Greek  symbols 

7 1  conversion  efficiency 

rjcog  Overall  thermal  efficiency 

A  thermal  conductivity  W/m  K 

p  water  density  kg/m3 

p0  density  of  heat  transfer  oil  (0.888)  g/ml 

a  electrical  conductivity  S/m 

AT  temperature  difference  across  thermoelectric  module  °C 
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